1. Long-term soil chronosequences provide natural soil fertility gradients that can be used to explore linkages between soils and plant community composition and diversity. Well-studied forested soil chronosequences have revealed that local (a) plant diversity increases with greater soil age and declining fertility, but corresponding changes in species turnover and beta (b) diversity have not been explored, particularly in extremely species-rich regions. 2. We quantified changes in plant species diversity and community composition, and identified the edaphic drivers of these changes, along a >2-million year retrogressive dune chronosequence in the south-west Australia biodiversity hotspot. 3. We found greater plant species diversity across all growth forms as soil development proceeded and concentrations of soil nutrients, particularly phosphorus (P), diminished to extremely low levels (surface soil total P concentrations of 6 mg P kg À1 ). Despite the high plant a diversity on older nutrientimpoverished soils, species turnover across the chronosequence was exceptionally high when all growth forms were considered (mean of 1% of species shared between the youngest and oldest soils), and there was complete turnover of woody species along the chronosequence. Such extreme species turnover across the chronosequence reflected large changes in soil chemical properties. In addition, b diversity within individual chronosequence stages increased with declining soil fertility. Shrubs remained the dominant and most speciose growth form throughout the chronosequence. 4. Synthesis. The large increase in plant a diversity and the extreme species turnover associated with declining soil fertility highlight the central role of soil properties in driving plant community assembly during long-term ecosystem development, previously only reported from comparatively speciespoor regions. Our finding that plant b diversity increased with declining soil fertility points to a novel mechanism whereby extremely low soil fertility, rather than high productivity, promotes high b diversity. These results suggest that the interaction of an exceptionally diverse plant species pool and nutrient-impoverished soils provides the basis for the maintenance of such high b diversity at extremely low soil fertility.
Introduction
Primary succession is associated with the initial stages of soil and ecosystem development and results in an increase in plant species diversity as plants gradually colonize a site (Odum given that soil-forming processes operate over hundreds to many thousands of years. For this reason, long-term soil chronosequences are recognized as invaluable model systems for the study of long-term ecosystem development and the response of plant species diversity to pedogenic change (Vitousek 2004; Peltzer et al. 2010; Walker et al. 2010; Lalibert e et al. 2013) .
Soil chronosequences are space-for-time substitutions, comprising series of soils derived from the same parent material but with differing periods of soil formation (Jenny 1946; Stevens & Walker 1970) . Studies using soil chronosequences have shown that long-term soil development results in characteristic shifts in soil properties, including declining pH and phosphorus (P) concentrations, and corresponding shifts in plant communities and plant species diversity (Walker & Syers 1976; Crews et al. 1995; Richardson et al. 2004; Wardle et al. 2008; Lalibert e et al. 2012) . Although a small number of well-studied long-term chronosequences (e.g. Thompson 1981; Crews et al. 1995; Richardson et al. 2004; Wardle et al. 2008; Gundale et al. 2011) have provided valuable insights into the responses of forested ecosystems to long-term soil development, shrubs and herbs, by contrast, are minor components of these chronosequences in terms of standing biomass. However, some of the most species-rich regions are shrub-dominated communities in seasonally dry climates (Cowling et al. 1996; Hopper & Gioia 2004) , and the pattern emerging from chronosequence studies is that the species richness of shrubs and herbs, unlike that of trees, generally increases with ecosystem retrogressionthe reduction of many ecosystem processes as soils age (Wardle et al. 2008; Lalibert e et al. 2013) .
The Jurien Bay dune chronosequence (Lalibert e et al. 2012 ; Lalibert e, Zemunik & Turner 2014 ) is a species-rich chronosequence located within the south-west Australian global biodiversity hotspot (Myers et al. 2000) and is dominated by shrubs throughout. Lalibert e, Zemunik & Turner (2014) , using the Jurien Bay chronosequence as a model system to determine the factors that best explain variation in local plant species richness along resource gradients, found that environmental filtering from the regional flora, not various aspects of local soil resource availability, most strongly determined the local species diversity. However, the details of the shifts in plant diversity and community composition along the sequence have not previously been described, and these are the focus of the present study. Furthermore, other processes, such as stochastic priority effects (e.g. Chase 2010), may affect beta (b) diversity (i.e. variation in community composition across sites), which was not explored by Lalibert e, Zemunik & Turner (2014) . Chronosequences, as strong fertility and productivity gradients, also allow tests of hypotheses linking b diversity to increasing resource availability or productivity (Chase & Leibold 2002; Harrison et al. 2006 ). These hypotheses have not yet been evaluated for plants along natural, strong and well-defined resource availability gradients such as those provided by soil chronosequences (but see Mart ınez-Garc ıa et al. 2015, for arbuscular mycorrhizal fungi).
In this study, we characterized plant communities along the Jurien Bay dune chronosequence and analysed the soils for nutrients and other chemical properties to further our understanding of how soil development has affected the system's plant diversity, species turnover and its progression into retrogression. Recent work in the system (Lalibert e, Zemunik & Turner 2014 ) led us to expect an increase in species richness and diversity across the chronosequence, consistent with the synthesis by Wardle et al. (2008) , who found an increase in the richness of all vascular species along a series of contrasting long-term soil chronosequences with retrogressive phases. The large regional species pool with many species adapted to acidic soils (Lalibert e, Zemunik & Turner 2014 ) led us to hypothesize that b diversity and species turnover within each chronosequence stage would increase with declining soil fertility and decreasing soil pH, and that there would be high plant species turnover across the entire chronosequence. Although recent advances linking b diversity to productivity have stressed the scale-dependent nature of b diversity, our study within a single region allowed us to test the effect that soil development and associated changes in soil resource availability and productivity (Lalibert e et al. 2012; have on b diversity, without the confounding factors often introduced when comparing widespread regions with different regional floras.
Materials and methods

S I T E S E L E C T I O N
The Jurien Bay dune chronosequence (30°01 0 to 30°24 0 S; 114°58 0 to 115 11 0 E;~45 km N to S; and~15 km W to E) consists of three main dune systems: the Quindalup, Spearwood and Bassendean dunes, corresponding to sea-level highstands during the Holocene (Quindalup dunes), the Middle Pleistocene (Spearwood dunes) and the Early Pleistocene (Bassendean dunes) (McArthur 2004; Lalibert e et al. 2012; . Climate, vegetation and soils have been described elsewhere (Lalibert e et al. 2012; Hayes et al. 2014; Lalibert e, Zemunik & Turner 2014; . The study used a randomized stratified sampling design, with the three main dune systems delineated into six chronosequence stages (Lalibert e, Zemunik & Turner 2014; Zemunik et al. 2015) . The Quindalup dune system comprises stages 1-3: (1) recently stabilized dune sand; (2) well-developed soil further inland supporting mature vegetation; and (3) well-developed soil of dunes within approximately 1 km west of the Quindalup-Spearwood transition. The Spearwood dunes contain two stages (4 and 5), differentiated by the degree of soil development: (4) dunes closest to the coast, with sandy soil overlying limestone, generally within 1 m of the soil surface; (5) fully decalcified Spearwood sand, at least several metres deep. The Bassendean dunes comprise stage 6 and were not further delineated due to the absence of consistent topographic or soil features allowing a clear distinction to be made within the system. geographic information system model (Quantum GIS Development Team, 2012) ; each point represented the centre of a 10 9 10 m plot. Ten plots were located within each of the six stages, giving a total of 60 plots for the entire dune chronosequence (Fig. S1, Supporting Information; Table S1 ). The mean distance between neighbouring plots was 2.1 km; we deemed this plot separation sufficient to minimize the effects of spatial autocorrelation between plots.
To estimate canopy cover and abundance within the 10 9 10 m plots, seven randomly positioned 2 9 2 m subplots were surveyed within each plot. Seven subplots were assessed as giving an accurate representation of community composition and diversity within the 10 9 10 m plot area by calculating species accumulation curves with nonparametric estimators using the ESTIMATES software package (Colwell 2013), with data from a particularly species-rich plot from stage 6 (oldest soils). The 28% plot coverage given by the seven subplots fell near the upper end of a range recommended in a prior study in similar species-rich shrublands from this region (Chiarucci et al. 2003) .
Surveys of all vascular plants in the plots were done in August, September, October and November of 2011, and January, February, March and September of 2012. Plots that were initially surveyed outside the peak flowering season (approximately August to November) were resurveyed in September 2012 to ensure that seasonal (i.e. annual or geophytic) species would be included. The observed vascular plants rooted within each 10 9 10 m plot were recorded and identified to the species (or subspecies) level. Within each subplot, the number of individuals was counted for species whose stems were either fully or partially within the subplot, and their median height and width were also recorded. Canopy cover was visually estimated for all species with vegetation cover within the subplot, irrespective of the location of their stem, as a percentage of the subplot covered by a vertical projection of the canopy. Consistency of visual estimation was maintained by the estimation being done by the same person (G. Zemunik) throughout all surveys. Species known to be clonal were classified as separate individuals if stems or culms were >20 cm from others belonging to the same species.
S O I L A N A L Y S E S
Soil analyses were described in detail by . In brief, soil samples were taken at 0-20 cm depth from each 2 9 2 m subplot in June 2012, giving a total of 420 soil samples (seven samples from each of the 60 plots). From these subplot samples, soil pH (in water and 10 mM CaCl 2 ), total soil carbon (C) and nitrogen (N) were determined by automated combustion, and dissolved organic N (DON) by KCl extraction. We determined exchangeable cations (aluminium, calcium (Ca), iron (Fe), potassium (K), magnesium (Mg), manganese (Mn) and sodium (Na)) by extraction in 0.1 M BaCl 2 and detection by inductively coupled plasma optical emission spectrometry (ICP-OES) on an Optima 7300 DV (Perkin Elmer, Inc, Shelton, CT, USA). Key micronutrients (copper, Fe, Mn and zinc) were extracted in Mehlich-III solution (Mehlich 1984) with detection by ICP-OES. Bulked subplot soil samples were used to determine plot-level readily exchangeable P by extraction with anionexchange membranes (resin P), and total soil Ca, K, Mg, Mn and P by digestion in concentrated nitric acid and detection by ICP-OES. Carbonate concentrations of the bulked soil samples were determined by mass loss after addition of 3 M HCl.
D A T A A N A L Y S E S
All data analyses used R (R Development Core Team, 2013) with the specific packages as stated below. Rarefaction, based on the minimum number of individual plants recorded across all 60 plots, was performed with the 'rarefy' function in the 'vegan' package (Oksanen et al. 2013) . Confidence intervals were calculated by the 'effects' package using generalized least squares models as implemented by the 'nlme' package (Pinheiro et al. 2015) , with appropriate variance functions chosen to minimize heteroscedasticity of the residuals. Letters used to denote different groups, based on the Tukey HSD test, were generated by the 'lsmeans' package (Lenth 2014) .
Diversity and evenness values were calculated using the 'diversity' function in the vegan package. Species richness at the chronosequence stage level was estimated with the 'specpool' function from vegan, using the Chao (1984) and second-order Jackknife estimators; in another kwongan vegetation system, the second-order Jackknife estimator has been shown to approach 'true' species richness most quickly (Chiarucci et al. 2003) . For the purpose of richness estimation, species that had cover in the subplot were counted as present (assigned a minimum count of one) even if there were no individuals of that species rooted in the subplot. To further explore the compositional change of species in differing plots, we quantified the percentage of species shared between pairs of plots, both within and between chronosequence stages. This analysis was done with the vegan 'vegdist' function using Jaccard similarity (i.e. 1dissimilarity) on the presence/absence data.
Unconstrained ordination of plots (sites) was performed by nonmetric multidimensional scaling (NMDS) using the vegan 'metaMDS' function. Bray-Curtis dissimilarity values, calculated on untransformed relative cover data by the 'vegdist' function from the vegan package, were used in the NMDS; other dissimilarity methods were also tested and yielded qualitatively similar results. To increase the chance of finding a global minimum in the NMDS procedure, the 'metaMDA' function was executed twice, with the best result of the first being passed to the second instance. Only the results from ordination in two dimensions are presented, as these ordinations produced sufficiently low stress values and are easier to interpret. PERMANOVA post hoc tests using Bray-Curtis dissimilarity with 10 4 permutations were performed with the vegan 'adonis' function. Pairwise comparisons on the dissimilarity between each pair of chronosequence stages also used the 'adonis' function, with adjustments for multiple comparisons using the 'p.adjust' function with the 'holm' method (Holm 1979) . Multivariate dispersions (Anderson 2006) of the plots (i.e. beta diversity), for all species and woody species only, were calculated using the vegan 'betadisper' function and the Bray-Curtis, Kulczynski, Hellinger and Jaccard dissimilarity indices. The multivariate dispersion calculated with the Jaccard dissimilarity index used the presence/absence data; all other dissimilarity calculations used untransformed relative cover values. Significance testing of the plot groupings was done with the vegan 'permutest' function, using 999 permutations.
Constrained ordination was done using canonical redundancy analysis (RDA) (Borcard, Gillet & Legendre 2011) , implemented by the 'decostand' and 'rda' functions from the vegan package. The RDA used both relative cover and abundance data (both Hellinger-transformed) as the response variable (Legendre & Gallagher 2001) , and a minimal set of soil elemental concentrations and properties as the explanatory variables. To obtain the minimal explanatory set of soil variables, a forward selection procedure was used, implemented by the 'forward.sel' function from the 'packfor' package (Dray, Legendre & Blanchet 2013) ; the variables selected were additionally verified by a second forward selection procedure, using the vegan 'ordistep' function. The initial set of soil variables included only the exchangeable cations, when both total and exchangeable were available, due to their presumed greater bioavailability, although total and exchangeable values were well correlated. From that set of variables, those with concentrations deemed too low to be physiologically relevant (e.g. exchangeable Na) were also excluded from the initial selection. Variance inflation factors (Borcard, Gillet & Legendre 2011) were calculated on the variables from the RDA using the vegan 'vif.cca' function to identify whether any of the selected variables were redundant; all selected variables had variance inflation factors well below the recommended threshold of 10. Permutation testing of the RDA model was done using the vegan 'permutest' function with 99 999 permutations.
To obtain additional insights into the environmental drivers of plot similarities and groups and to help classify the plant communities into distinct, plausible groups, multivariate regression trees (MRT) were constructed using the untransformed relative cover of plant species as the response and, as the explanatory variables, a wide range of soil variables with physiologically meaningful concentrations: total P, pH (CaCl 2 ), resin P, exchangeable Mg, organic C, total and exchangeable Ca, Fe (Mehlich-III), copper (Mehlich-III), Mn (Mehlich-III), zinc (Mehlich-III), exchangeable K and dissolved organic N. Each MRT was calculated using the 'mvpart' function from the 'mvpart' package (De'ath 2014), with 150 multiple cross validations. Several alternative trees were produced by varying the number of leaf nodes, whilst ensuring that the cross-validated relative error (CVRE) was within the recommended guideline of within one standard error of the minimum CVRE (De'ath 2002). Because some splits in the decision trees were only marginally better (in terms of the variance explained) than other possible splits, we also tested the sensitivity of the results to small changes in the variables by the addition of small scaling factors to the variables. This was also deemed necessary as the MRT algorithm splits the tree based on the relative error (variance explained), which may make the tree susceptible to overfitting of the data; by contrast, the CVRE counters against this overfitting, and hence predictive accuracy is viewed as being better estimated from the CVRE (De'ath 2002). Dendrogram groupings for the MRT were generated by the 'dendro_data' function from the 'ggdendro' package (de Vries & Ripley 2013) . Indicator speciesspecies that best represent each groupfor the MRT groups were calculated with the 'multipatt' function from the 'indicspecies' package (De C aceres & Legendre 2009), using the indicator statistic 'IndVal.g', as proposed by De C aceres, Legendre & Moretti (2010) . This indicator statistic, applicable to each species in a group and bounded by 0 and 1, is related to two probabilities, P(A) and P(B), by the formula ffiffiffiffiffiffiffiffiffiffi PðAÞ p Â PðBÞ, where P(A) denotes the probability of the plot being in the group, given the presence of that species in the plot, and P(B) is the probability of finding that species in a plot within the group.
Results
A L P H A D I V E R S I T Y I N C R E A S E S W I T H S O I L A G E
Plant species density and rarefied richness increased markedly with increasing soil age across the chronosequence (Fig. 1) . In terms of plant growth forms, the increase in species density was greatest for perennial species (Fig. 1a ). Conversely, annual species were a larger component of the community in the younger stages, although never comprising more than a mean of 37% of the species and 7% of the relative cover (in stage 2). Whilst rarefied species richness increased some 250% across the sequence, the mean observed a diversity increased threefold and the effective or 'true' (sensu Tuomisto 2010) a diversity increased 3.5 times (Table 1) .
Commonly used metrics of a diversity, the Simpson (1/D) and Shannon diversity, also increased across the sequence (Fig. 2) ; the Simpson diversity increased more than three times. Species evenness did not decline; rather, the Shannon, or Pielou, evenness exhibited significantly higher evenness in the final stage in comparison with that in the first (Fig. 2d ).
H I G H E S T B E T A D I V E R S I T Y I N T H E O L D E S T S O I L S
Traditional measures of b diversity (multiplicative and additive b diversity) increased with increasing soil age (Table 1) , but as b diversity can be defined to measure different aspects of species compositional change, the different measures that were used performed differently. The greatest increase in b diversity was with the additive b diversity measure, as would be expected, given that c diversity increased substantially ( Hellinger), resulted in a slightly greater distinction between plot groupings, and correspondingly lower P-values (Table S5) ; again, chronosequence stages 2 and 3 had the lowest multivariate dispersions, and stages 1 and 6 had the consistently greatest multivariate dispersions. By contrast, multivariate dispersion values for all species were broadly unchanged when calculated using the other dissimilarity indices (Table S5) .
Gamma (c) diversity increased markedly with increasing soil age, with the increase in c diversity from the youngest to oldest soils (about 3.7 times) generally exceeding that for a diversity (Table 1 ). The Chao 1 and second-order Jackknife estimators of c diversity also increased by about the same amount as the observed c diversity. There was no consistent relationship between the number (or density) of individual plants per plot and the chronosequence stage, and hence the diversity, for all plants, perennial plants as well as woody plants (Fig. S3 ).
Non-metric multidimensional scaling (NMDS) of the relative cover of plots (sites) produced groupings of plots consistent with each chronosequence stage for all species (Fig. 3 ) and for species of woody growth forms (Fig. S4 ). Successive stages were more similar than non-adjacent stages, and there was a gradual, directional shift in community composition from one chronosequence stage to the next (indicated by the arrow in Fig. 3) , with stages 2 and 3 dominated by Melaleuca systena Craven (Myrtaceae) and the older soils dominated by Banksia species (Proteaceae) ( Table S2 ). PERMANOVA tests gave support for these site groups (P ≤ 10 À4 , Pseudo-F = 10.16, R 2 = 0.48), and post hoc tests between all pairs of stages were significantly different, except for the plots in stages 2 and 3 (P = 0.13).
The percentage of species shared between pairs of plots decreased with each chronosequence stage, both when considering all species (Fig. 4a ) or only woody species (Fig. 4b) .
The greatest percentage of shared species (mean of 41%) was between pairs of plots in the oldest Quindalup stage (stage 3), whilst in the final chronosequence stage (Bassendean), a mean of only 28% of species were shared between pairs of plots. Very few species (1 to 15%) were shared between the Quindalup dune stages (stages 1-3) and the older stages (4-6), and even fewer (0-9%) when only woody species were considered; in fact, no woody species at all were shared between pairs of plots from the first and last chronosequence stages (i.e. there was complete woody plant species turnover). The only species found throughout the chronosequence were the annual herbs, Trachymene pilosa Sm. (Araliaceae) and Crassula colorata var. acuminata (Reader) Toelken (Crassulaceae); the semi-annual herb, Opercularia vaginata Juss. (Rubiaceae), the geophyte Thysanotus patersonii R.Br. (Asparagaceae), and the southern rush, Desmocladus asper (Nees) B.G.Briggs & L.A.S.Johnson (Restionaceae). No species of woody plants extended throughout all stages of the chronosequence, although the N-fixing legume Acacia rostellifera Benth., and the myrtaceous Melaleuca systena were found in five out of the six stages; both of these species were absent in the Bassendean dunes (stage 6). Selection of variables for canonical redundancy analysis (RDA) was by two different forward selection procedures; both yielded the same set of five soil variables: pH, DON, Mehlich-III-Fe, mean carbonate and exchangeable K (Fig. 5) .
Several variables that would be expected to be important factors (soil total P and N) were not selected, due to strong correlation with the selected variables. For example, total soil P (or, more precisely, the logarithm of total soil P) was strongly correlated with soil pH (r = 0.97). The variance inflation factors, which give a measure of the collinearity of each variable with other variables, were low (all factors < 5.8). Site groupings by the RDA analysis produced a clustering of sites similar to the NMDS ordination, with sites aligned closely to the chronosequence stage. The grouping of Quindalup (stages 1-3) sites was explained by relatively high soil pH and carbonate concentrations, with only stages 2 and 3 having high DON and exchangeable K concentrations. Changes in composition of sites in stages 4-6 were explained by low concentrations of all selected variables, except Fe. Canonical redundancy analysis using abundance, rather than relative cover data, produced similar site groupings (Fig. S5 ).
C L A S S I F I C A T I O N O F P L A N T C O M M U N I T I E S A N D I N D I C A T O R S P E C I E S
The most informative and plausible groupings of sites by the multivariate regression tree (MRT) procedure was with the generation of a tree with seven leaf nodes. Although the absolute lowest R 2 value was produced using soil variables without any scaling factors (Fig. S6 ), the tree with the best cross-validated relative error (0.48) used scaling factors of 1.04 for the variables DON and exchangeable calcium (Fig. 6 ). Both trees contained common groupings of sites, with the main structural difference resulting from branching beginning with either DON or total P. Because the range of total P (72-fold) far exceeds the range of DON (2.6-fold), we consider the tree rooted with a decision on total P as the most plausible (Fig. 6) . The MRT algorithm, which maximizes the predictive power of the tree, resulted in a different set of soil variables from that produced by the RDA, which maximized the explanatory power. The site groups from the MRT showed strong affinity to each chronosequence stage, whilst also isolating some sites with atypical plant community composition for a given chronosequence stage (e.g. Group 2 in Fig. 6 ). Total soil P separated the great majority of the sites in stages 4-6 from the sites in stages 1-3, with further selections in the decision tree arising from DON, organic carbon, Fe (Mehlich-III) and pH (CaCl 2 ) ( Table 2) . Indicator species for each MRT group generally had high indicator statistics (Table 3) , with the indicator species for groups corresponding to stages 1, 5 and 6 having the highest indicator statistics (the best indicator for those groups ranged from 0.94 to 1.0); two species, Olearia axillaris (DC.) Benth. and Scaevola crassifolia Labill., were perfect indicators (indicator statistic = 1) for the youngest chronosequence stage (Group 3 in Table 3 ). Pairs of groups joined by the penultimate nodes of the tree also produced high indicator statistics (ranging from 0.91 to 0.95), and these especially highlighted the affinities between stages 2 and 3 and between stages 5 and 6.
M A J O R F L O R I S T I C P A T T E R N S
In total, 347 plant taxa from 57 families were found in the subplots of the chronosequence. By relative cover, the dominant families were the Myrtaceae (mean 18%), Fabaceae (16%) and Proteaceae (14%). However, cover throughout the chronosequence was not uniformly distributed ( Fig. S7) , with stages 4-6 being dominated by the Proteaceae (28%) and Fabaceae (24%), and the Goodeniaceae having the highest relative cover (19%) in stage 1. Although the relative cover of some plant groups decreased with soil age, by contrast, richness usually increased (Table S4 ). For example, mean relative cover of the five Goodeniaceae found in the Bassendean stage (6) was <0.5%, but only one species contributed to the cover (mean 19%) in stage 1. . Canonical redundancy analysis (RDA) of the plant species (Hellinger-transformed) cover data, as explained by soil variables (R 2 = 0.38; adjusted R 2 = 0.32; P ≤ 10 À5 ). The soil variables shown (blue) are the minimal set of variables that were included in the model using a forward selection procedure, with the supplementary soil variables (green) included to illustrate the high correlation between soil pH and soil P concentrations. Only the five most abundant species (by cover) in each chronosequence stage are shown (red) by two-letter codes: (Acacia lasiocarpa, Al; Acacia rostellifera, Ar; Acacia spathulifolia, As; Acanthocarpus preissii, Ap; Banksia attenuata, Ba; Banksia leptophylla var. melletica, Bl; Banksia prionotes, Bp; Conostylis candicans subsp. calcicola, Cc; Desmocladus asper, Da; Hibbertia hypericoides, Hh; Hibbertia racemosa, Hr; Jacksonia floribunda, Jf; Lepidosperma calcicola, Lc; Melaleuca leuropoma, Ml; Melaleuca systena, Ms; Mesomelaena pseudostygia, Mp; Olearia axillaris, Oa; Scaevola crassifolia, Sc; Scholtzia umbellifera, Su; Spyridium globulosum, Sg). The first two canonical axes represent 28% of the total variation in community structure and 74% of the environmentally structured variation (i.e. the variation explained by the soil variables).
Of the major growth forms, shrubs had a mean relative cover of 55%, sedges 13%, trees 12% and perennial herbs 10% (Fig. S8) . The mean canopy height weighted by relative cover was lowest in stages 2 and 3, possibly due to the high abundance of parasitic plants (Lauraceae and Santalaceae in Fig. S7 ) in combination with a greater distance to the watertable in those dunes; canopy height remained <1 m throughout (Fig. S9a) . Shrubs were the dominant growth form, ranging from two to eight times the relative cover of the next most abundant growth form. The relative cover of Fig. 6 . Multivariate regression tree, which groups sites (separated using Bray-Curtis dissimilarities) based on soil variables. The plot codes (see Fig. S1 ) are given for each group. Adjacent to the site groupings are representative photos of the vegetation for that group. A selection of indicator species for each group (up to the best three, see Table 3 ) is shown on the right. The depth of each branch is proportional to the amount of variance explained by that branch. In this tree, a scaling factor of 1.04 was applied to the variables dissolved organic nitrogen (DON) and exchangeable calcium in order to minimize the cross validation relative error (CVRE) and fine-tune the splits. R 2 = 0.73, CVRE = 0.48 (AE0.05 SE). shrubs decreased in stages 2 and 3; the decrease of shrub and tree cover combined was about 47% in stages 2 and 3, but they covered a mean of between 74 and 80% in all other stages. By contrast, cover of perennial herbs, sedges and southern rushes increased in stages 2 and 3: the mean relative cover was about 45% in stages 2 and 3, and between 18 and 24% in all other stages. The absolute canopy cover and amount of bare ground varied little in stages 2 through to 6, although stage 1 had about twice as much bare ground as all other stages (Fig. S9b,c) . Shrubs were the most species-rich growth form (Table S3 ); the number of shrub taxa also increased fourfold. Sedges showed the greatest proportional increase in species richness, with 12 times as many taxa in the last chronosequence stage than in the first.
Discussion
Alpha diversity of the plant community of the Jurien Bay dune chronosequence increased greatly with declining soil fertility, but in contrast to other well-studied forested chronosequences (e.g. Wardle et al. 2008) , shrubs dominated throughout. Alpha and c diversity increased markedly with declining soil fertility and, by any measure, b diversity did not decrease (most formulations of the metric showed an increase in b diversity with increasing soil age and declining soil fertility). This is opposite to the hypothesized pattern of increasing b diversity with higher resource availability and primary productivity observed in experimental studies of aquatic life-forms (Chase & Leibold 2002) and empirical studies on a limited number of plant growth forms (Harrison et al. 2006 ). Contrary to previous studies (e.g. Wardle et al. 2008) , our sampling design allowed us to calculate rarefied a diversity for all growth forms, rather than only tree species; the finding that the rarefied a diversity increased markedly provided additional support for our hypothesis that local plant species diversity would increase with increasing soil age and declining soil fertility. Finally, plant species turnover throughout the chronosequence was exceptionally high. Few species occurred in every stage of the chronosequence, and none of these belonged to the dominant growth form of woody shrubs.
D I F F E R E N C E S I N B E T A D I V E R S I T Y
Beta diversity in the first chronosequence stage was relatively high, presumably due to colonization being initiated with a stochastic subset of the available species. Furthermore, in the absence of a varied and well-established soil seed bank, these stochastic priority effects likely have greater impact on community assembly (e.g. the stochastic community assembly hypothesis, Chase & Leibold 2002; Chase 2010) . In the older Quindalup stages (2-3), the decrease in b diversity (both multiplicative and 'true' b diversity) may be the result of priority effects being reduced by stronger competitive displacement due to higher resource availability (e.g. Kardol, Souza & Classen 2013) . Alternatively, for some species or functional groups, initial soil development (including the removal of Nlimitation) may have promoted more favourable conditions to arise by stage 2 and 3 (e.g. von Gillhaussen et al. 2014), thereby favouring a particular community composition and reducing the b diversity in those stages.
In the older, retrogressive stages of the sequence, where the substantial decline in soil nutrients and fertility results in a decrease in productivity (Lalibert e et al. 2012), most measures of b diversity increased and the species turnover between plots was very high. This does not support a recent hypothesis stating that b diversity should increase with increasing productivity, based on observations of pond and herbaceous communities, albeit of substantially greater fertility (Chase & Leibold 2002; Harrison et al. 2006) . Indeed, our finding suggests that the interaction of the extremely diverse species pool with nutrient-impoverished soils, together with disturbance, provides the basis for substantial heterogeneity in the community. Significantly, no transition from sampling at a small scale to a large scale was present in our study design each chronosequence stage covered similar extentsthereby indicating that the change in b diversity was driven by soil, rather than by scale parameters. Since the oldest, most strongly weathered soils all appear to be extremely nutrient impoverished, future studies should determine the abiotic or biotic factors allowing such high b diversity to be maintained at extremely low soil fertility.
E X T R E M E P L A N T S P E C I E S T U R N O V E R A C R O S S T H E C H R O N O S E Q U E N C E
We quantified b diversity using several measures and although they performed rather differently, as could be expected given their different formulations (e.g. see Anderson et al. 2011) , the agreement in the change between the observed c diversity and the nonparametric estimators of c diversity support the interpretation of increasing b diversity across the chronosequence, as described by the traditional b diversity measures (i.e. multiplicative and additive b diversity). The use of null models of b diversity that assess whether the observed b diversities are higher than would be expected by chance (e.g. Chase et al. 2011; Kraft et al. 2011) is one approach that has been used to resolve ambiguities arising from differing measures of b diversity. In our study, however, we included a complementary measure of investigating the overall species turnover, namely, assessing the number of shared species between pairs of plots. Turnover increased with chronosequence stage, with higher turnover for woody species than for all growth forms; the general pattern of increasing turnover of species was also evident within each chronosequence stage. Direct comparison of the b diversity of the Jurien Bay chronosequence with other well-studied chronosequences is difficult, because b diversity values have not been reported. However, the commonality of species in several, or all, stages of many chronosequences (e.g. Hawaii, see Crews et al. 1995) suggests that, in comparison, this 
is the probability of the plot being in the group, given the presence of that species in the plot; P(B) is the probability of finding that species in a plot within the group; Stat is the indicator statistic (= ffiffiffiffiffiffiffiffiffiffi PðAÞ p Â PðBÞ); P is the P-value for the indicator statistic, derived from a permutation test with 1000 permutations. chronosequence exhibited exceptionally high b diversity and turnover.
In tropical rain forests, soil P gradients in combination with the large regional species pool are thought to promote high b diversity (Kitayama 2012) . For example, in central Panama, the species distributions of about 60% of the abundant larger plant species are associated (both positively and negatively) with soil P (Condit et al. 2013) ; the marked soil variation (200-fold variation in resin P) thus contributes to the high regional b diversity. Similarly, b diversity in the Jurien Bay chronosequence seems to be strongly influenced by these factors, as well as by soil pH, despite being unlike tropical rain forests in many respects.
I N C R E A S E S A N D M A I N T E N A N C E O F A L P H A D I V E R S I T Y
In contrast to the Jurien Bay dune chronosequence, most well-studied chronosequences that contain retrogressive stages are forest-dominated and relatively species poor (e.g. Mark et al. 1988; Crews et al. 1995; Richardson et al. 2004; Wardle et al. 2008; Gundale et al. 2011) . In some of these chronosequences, retrogression is also associated with increases in overall species diversity, leading Wardle et al. (2008) to postulate three possibilities for this increase: (1) competition by trees decreases with retrogression; (2) spatial heterogeneity of limiting soil resources increases with declining fertility; (3) competition for light decreases (due to the absence of many large trees), resulting in an increase in light heterogeneity. In this chronosequence, tree species (or woody species, in general) did not decrease in abundance (canopy cover). With the assumption that the canopy cover of trees is a reasonable proxy for their resource use, the first possibility for increasing diversity (decreasing competition for resources by trees) is not supported by the results on the Jurien Bay chronosequence. Competition for light is unlikely to occur in any stage of the Jurien Bay chronosequence, due to the open nature of the canopy in all stages (leaf area index <0.5) and abundant sunshine, typical for a Mediterranean climate. At the level of the subplot, none of the measured soil properties showed any consistent increase in variability; indeed, by using the multivariate dispersion of several key soil variables from the same study plots, Lalibert e, Zemunik & Turner (2014) found that within-plot soil spatial heterogeneity did not significantly affect plant species richness. Partitioning of nutrients in different compound forms, however, remains to be quantified in this chronosequence. In particular, partitioning of various organic forms of nutrients (e.g. organic P, Turner 2008) may provide one form of ecologically relevant environmental heterogeneity in the poorest soils of the chronosequence. At the regional scale, a recent study in the same system showed that the size of the plant species pool in each chronosequence stage is strongly affected by soil pH, with many more calcifuge species present in the species pool in the older, acidic soils (Lalibert e, Zemunik & Turner 2014) . In addition to environmental filtering by pH, the regional flora contains an unusually large number of species well adapted to P-impoverished soils (Griffin, Hopper & Hopkins 1990; Lambers et al. 2014) . This suggests that environmental filtering of the regional flora by pH does not remove many species from the species pool in the most P-impoverished soils. This appears to explain the increase in richness observed in the older, P-impoverished stages of the chronosequence (Lalibert e, Zemunik & Turner 2014) .
Disturbance, long implicated in the maintenance of diversity (Huston 1994; Grime 2001) , also likely plays a key role in the maintenance of high diversity along the Jurien Bay chronosequence. The two main disturbances affecting the chronosequence are fire and herbivory. Fire, which in the region has return intervals of between three and 30 years (Department of Conservation and Land Management, 1995, unpublished data) , may facilitate seed germination (Dixon, Roche & Pate 1995; Flematti et al. 2004) . Fire also influences the nutrient status of the soil, potentially setting the ecosystem back to an earlier stage of development due to a temporary increase in soil P availability, and a loss of N through volatilization during burning of surface soil, vegetation and litter . Herbivory, principally from the western grey kangaroo (Macropus fuliginosus), can act to prevent some species from becoming dominant (i.e. it can prevent competitive exclusion). Other factors preventing the establishment of local dominance, for example the Janzen-Connell effect (Janzen 1970; Connell 1971) or negative density dependence mediated by soil-borne pathogens, may also play a role in the maintenance of the high diversity (Lalibert e et al. 2015), but these remain to be explored further.
S O I L D R I V E R S O F T H E C O M M U N I T Y C O M P O S I T I O N
The climate throughout the chronosequence is virtually the same, and because all plots were located on freely draining sand (i.e. they had broadly similar, sandy soil profiles), climatic and specific soil factors (e.g. flooded conditions) would not confound the effect of the investigated soil chemical properties. Soil N and P concentrations across the chronosequence follow the model proposed by Walker & Syers (1976) , with productivity limited by N in the initial stage, N-P co-limitation in intermediate stages and increasingly severe P limitation in the final stages (Lalibert e et al. 2012; Hayes et al. 2014) . The shifts in soil P availability, in particular, are far greater than in all other well-studied chronosequences (Skjemstad et al. 1992; Crews et al. 1995; Richardson et al. 2004; Selmants & Hart 2010; Porder & Hilley 2011) , with soil total P concentrations declining to some of the lowest ever measured. In this respect, this chronosequence offers valuable insights into community compositional change as soils become strongly nutrient impoverished; many other well-studied chronosequences have initial stages with far higher soil P concentrations, so the insights garnered from those systems on richer substrates are complemented to some degree by this chronosequence.
The key soil variables explaining the similarities of plots, as produced from the canonical redundancy analysis, were pH and (dissolved organic) N, as well as the macronutrients, K and Mg, and the micronutrient Fe. We expected that soil P availability would be a key explanatory soil variable, but this was masked by its strong correlation with soil pH, as observed along other chronosequences (e.g. Richardson et al. 2004) . Indeed, pH plays a critical role in shaping a diversity by filtering out species from the regional species pool (Lalibert e, Zemunik & Turner 2014) . Nonetheless, the strong role of soil N and P (and pH) broadly support the hypothesis of community change with pedogenic shifts from N to P limitation of plant productivity (Peltzer et al. 2010) . With respect to the micronutrient explanatory variable Fe, the lack of any observable micronutrient deficiencies in the plants suggests that it most likely reflects correlations of soil properties (iron oxide coatings on sand grains, Turner & Lalibert e 2015) rather than being a causal agent in its own right. The fact that plant species can survive for successive generations in soils severely impoverished in micronutrients, which is especially evident in the older chronosequence stages, is likely a consequence of their ability to take up P via its mobilization by root exudates (Lambers et al. 2006 ); a side effect of the P mobilization would be the uptake of various micronutrients (Muler et al. 2014) . For example, the uptake of manganese, which is then concentrated in the foliage, appears to be highly indicative of carboxylate release for mobilizing sorbed P .
D O M I N A N T P L A N T F A M I L I E S
The Fabaceae were the only plant family with substantial canopy cover throughout all stages of the chronosequence. Most of these leguminous plants were potentially N-fixing, and those that were N-fixing did have substantial cover in the first, N-limited stage of the sequence; however, their cover was not significantly greater than in several other stages. Nevertheless, the overall abundance of N-fixing plants throughout the chronosequence may assist with the acquisition of organic P from the soil using phosphatases (e.g. Houlton et al. 2008) , as organic P becomes a large proportion of total P in the older, P-impoverished soils . In the youngest (N-limited) soils, plants lacking the ability to fix N were nonetheless often found in abundance in subplots without any co-occurring N-fixing plants, thus potentially indicating another source of N (e.g. via heterotrophic soil bacteria or cyanobacterial mats on the soil surface, which occur during the winter on the youngest soils). Further research is warranted to identify other significant N sources.
Several species from the dominant families Fabaceae and Myrtaceae were found in many stages of the chronosequence, with two species, a small tree, Acacia rostellifera (Fabaceae), and a shrub, Melaleuca systena (Myrtaceae), occurring in all but the Bassendean stage (6). Both species form dual mycorrhizal associations (with arbuscular and ectomycorrhizal fungi), with A. rostellifera additionally having the capacity to fix atmospheric N. Given the wide range of soil nutrients over which these species occur, variation in the degree or type of mycorrhization could be expected (Lambers et al. 2008; Zemunik et al. 2015) , and these species may serve as valuable models for exploring intraspecific changes in plant functioning across a broad soil fertility gradient. Other families, such as the Myrtaceae and Dilleniaceae, were also key in many of the stages, whilst the Proteaceae were dominant in the final three stages, where soil pH and soil P availability were lowest. The extreme gradient in P availability and pH across this chronosequence terminates in extremely P-depleted soils, likely representing the lower limit of soil P concentrations globally. By extending the range of documented responses of successional plant communities to diminishing soil fertility, the Jurien Bay chronosequence provides an invaluable contribution to the understanding of ecosystem progression and retrogression. Our finding of increasing a and b diversity and extremely high species turnover with long-term soil development points to a novel mechanism whereby extremely low soil fertility, rather than high productivity, promotes b diversity. In conclusion, our results further highlight the strong linkages between plant community assembly and soil development.
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